Injury to the premature brain is a major contributor to infant mortality and morbidity, often leading to mental retardation and sensory-motor impairment. The disease process is believed to be caused, sustained, and aggravated by multiple perinatal factors that team up in a multi-hit fashion. Clinical, epidemiological, and experimental studies have revealed that key factors such as inflammation, excitotoxicity, and oxidative stress contribute considerably to white-and graymatter injury in premature infants, whose brains are particularly susceptible to damage. Depending on the timing, lesions of the immature brain may influence developmental events in their natural sequence and redirect subsequent development. We review current concepts on molecular mechanisms underlying injury to the premature brain.
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Keywords: preterm; premature; brain; inflammation; excitotoxicity C onsequences of preterm birth are a major health problem worldwide because the incidence of preterm birth has increased and improvements in survival rates have outpaced a concomitant decrease in long-term neurodevelopmental disability rates. [1] [2] [3] [4] Factors that predispose to injury of the premature brain include hypoxia, ischemia, hyperoxia, and maternal-fetal infection. The premature brain is believed to be particularly susceptible to multiple perinatal impacts that result in processes such as inflammation, excitotoxicity, and oxidative stress. In addition, genetic susceptibility plays a role. 5, 6 Together, these factors contribute to encephalopathy of prematurity, defined as white-and gray-matter damage of the premature brain. 7, 8 We review current concepts on molecular mechanisms underlying injury to the premature brain.
Periventricular White-Matter Injury
Perinatal brain injury in survivors of premature birth has a unique predilection for the periventricular cerebral white matter. Periventricular white-matter injury is now the most common cause of brain injury in preterm infants and the leading cause of chronic neurological morbidity. 7 It affects preterm neonates born between 23 and 32 weeks of gestation and follows successive pathological events from the prenatal to the postnatal period. The spectrum of periventricular white-matter injury includes focal cystic necrotic lesions, so-called periventricular leukomalacia, and a diffuse form. The diffuse form is linked to premyelinating oligodendrocyte vulnerability and leads to a global myelination delay and deep gray-matter damage. 9 Neuroimaging studies support that the incidence of periventricular leukomalacia is declining, whereas focal or diffuse noncystic injury is emerging as the predominant lesion. 10 The neuropathologic hallmarks of periventricular leukomalacia are microglial activation and focal and diffuse periventricular depletion of premyelinating oligodendroglia. Premyelinating oligodendroglia are highly vulnerable to injury caused by glutamate, free radicals, and proinflammatory cytokines. In humans, coagulation necrosis of all cellular elements with loss of cytoarchitecture and tissue vacuolation are the first recorded microscopic neuropathologic findings. 11 Moreover, injury to oligodendrocyte progenitors may contribute to the pathogenesis of periventricular white-matter injury by disrupting the maturation of myelin-forming oligodendrocytes. Axonal swelling and intense activated microglia reactivity and proliferation have been observed as early as 3 hours after an insult. 12, 13 In addition, in the periphery of these focal lesions, a marked astrocytic and vascular endothelial hyperplasia characterized the brain tissue reaction at the end of the first week. After 1 to 2 weeks, macrophage activity with characteristic lipid-laden macrophages was predominant over astrocytic reactivity, with progressive cavitation of the tissue and cyst formation. During subacute and chronic stages of periventricular leukomalacia, swollen axons calcify, accumulate iron, and degenerate, particularly at the periphery of the injured zone. 14 Additional minor changes were also found within the gray matter, with some diffuse neuronal loss, especially in lower cortical layers, the hippocampus, and the cerebellar Purkinje cell layer.
Since these early studies, many conventional neuropathology studies have noted a widespread diffuse central cerebral white-matter astrocytosis, often with abnormal glial cells, [15] [16] [17] referred to as ''perinatal telencephalic leukoencephalopathy.'' [15] [16] [17] On the basis of these studies, Leviton and Gilles differentiated between focal and diffuse white-matter damage. 18 More recent neuropathological studies revealed that diffuse white-matter damage is macroscopically characterized by a lack of white matter, thinning of the corpus callosum, and, in later stages, ventriculomegaly as well as delayed myelination. 18, 19 Through the use of immunocytochemical techniques, assessment of autopsy tissue has further localized whitematter damage and defined the cells involved. Deep periventricular white matter was prone to focal necrosis, regionally consistent with vascular end zones/border zones, whereas diffuse injury to peripheral white matter could be characterized by preferential death of late oligodendrocyte progenitors. 20 
Vulnerability of Oligodendroglial Precursors
Several lines of evidence implicate damage to immature oligodendrocytes during a specific window of vulnerability as a significant underlying factor in the pathogenesis of periventricular leukomalacia. Premyelinating oligodendrocytes are the main component of white matter between 23 and 32 weeks postconception. Findings from animal models show a maturation-dependent vulnerability of oligodendrocyte lineage to the detriment of premyelinating oligodendrocytes, acting through several cytotoxic pathways. Oligodendrocyte progenitor cells proliferate and die by programmed cell death regulated by trophic factors such as platelet-derived growth factor and insulin-like growth factor. 21 Activation of cytokine receptors on the surface of oligodendrocytes can lead to the death of these cells.
Studies have shown that the inflammatory cytokines tumor necrosis factor a and interferon g are toxic to cultured oligodendrocyte progenitor cells in vitro. 22 Selective injury to oligodendrocytes is mediated by induction of ''death'' receptors such as Fas on the surface of oligodendrocytes. Direct axonal contact appears to be another important factor for the survival of oligodendrocytes. 23 These cells are further susceptible to oxidative damage mediated by free radicals such as reactive oxygen and nitrogen species and as a consequence of the depletion of the main antioxidant glutathione. 24 Injury-induced swelling and disruption to axons within the white matter leads to locally elevated glutamate, which also induces oligodendrocyte cell death. Glutamate toxicity depends on the maturational stage of the oligondendrocyte and is mediated via the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor. 25, 26 Microglial Activity Specific immunocytochemical markers (eg, CD68) have identified marked increase of activated microglia in diffuse white-matter injury. 27 Microglia are already widely dispersed throughout the immature white matter by 22 weeks of gestation. These cells are fully capable of producing potentially toxic inflammatory mediators, free radicals, and reactive oxygen intermediates. 28 The phagocytic activity of microglia and their capacity for oxidative stressmediated injury are potently enhanced by inflammatory mediators (interferon g, tumor necrosis factor a, interleukin b, and bacterial lipopolysacharide). 29 Recent studies of preoligodendrocytes of the same maturational stage as those populated in the immature white matter of the human premature infant show that cells are exquisitely vulnerable to attack by reactive oxygen species (and reactive nitrogen species produced by activated microglia). 30 The presence of activated microglia inducing cell death in immature white matter, both in preoligodendrocytes and in astrocytes, has been widely confirmed. 31, 32 So far, it also seems that microglia and resident mononuclear phagocytes are the primary sources for the proinflammatory cytokines in brains with periventricular leukomalacia. 33 
Axonal Damage
Axonal damage in periventricular leukomalacia was assessed indirectly by immunostaining for b-amyloid precursor protein, a neuronoaxonal protein. Damaged axons were detected predominantly in the acute phase of periventricular leukomalacia by immunostaining but were no longer apparent in the chronic stage. 12 Swollen axons calcify (probably due to glutamatergic overactivation), accumulate iron, and degenerate; this has been shown to occur without overt coagulation necrosis of all tissue components. 34 Axons from corticospinal tract, thalamocortical fibers, optic radiation, superior occipitofrontal fasciculus, and the superior longitudinal fasciculus may be affected and result in motor, sensory, visual, and higher cortical functional deficits. Thalamocortical projections through the white matter develop prior to the functional development of cortical neurons. Therefore, the ensuing disruption to these circuits and to the subcortical plate may not only affect the function but also the density, survival, and organization of cortical neurons and the cortex itself. 35 
Subplate Damage
Damage to the early developing subplate neurons with their critical role for the organization of the cortical plate has been postulated as a possible mechanism by which injury to the immature brain results in long-lasting motor and cognitive deficits. 36 Recently, McQuillen and colleagues were able to show specific cell death in subplate neurons after hypoxia-ischemia in very immature animals. 37, 38 These subplate neurons play an important role in axonal guidance and cortical organization. 37, 39 
Disturbance of White-Matter Fiber Tracts
Preterm infants with white-and gray-matter damage also tend to have central white-matter fiber tracts that differ in orientation and organization from those of other preterm infants. [40] [41] [42] 
Gray-Matter Injury
For decades, the emphasis has been on white-matter damage in the preterm newborn, and only recently has the spotlight turned to the neuronal loss that accompanies white-matter damage. Recent advances in corticogenesis suggest that neurons migrate from the germinative zones through the white matter to the cortex at a time when the white matter is most vulnerable and perhaps is being injured. Advances in developmental neuroscience also suggest that the excitotoxic and inflammatory processes that contribute to white-matter damage are able to damage developing neurons. In view of these data, we recently hypothesized that white-matter damage in the preterm newborn is accompanied by the death of neurons as they migrate through the dangerous minefield of white matter undergoing injury. 43 Magnetic resonance imaging (MRI)-based neuroimaging techniques provide greater diagnostic sensitivity for periventricular leukomalacia than does head ultrasonography and often document the involvement of telencephalic gray matter and long tracts in addition to periventricular white matter. 10 In addition, decreased concentrations of the calcium-binding protein parvalbumin in the cerebral cortex of brains with diffuse white-matter damage are viewed as evidence of a loss of thalamocortical neurons. 35 Many of the apoptotic cells seen in the white matter of brains with white-matter injury have characteristics of neurons. 39 Expression of nestin, a cytoskeletal protein involved in normal development, is often reduced in the cortical gray matter during the subacute stage of whitematter damage but is increased in later stages, suggesting acute impairment with subsequent compensation leading to repair and plasticity. 44 Many neurons in the neocortex, hippocampus, basal ganglia, and thalamus in brains with perinatal white-matter damage have strong inflammatory cytokine immunoreactivity. 45 These findings show that neuronal loss and impaired neuronal guidance accompany neonatal white-matter damage and support the view that some dysfunctions seen in preterm infants reflect reduced ''connectivity'' between areas of the brain needed for integrating information. [46] [47] [48] Until a few years ago, periventricular white-matter disease was thought to result only from a hypoxic-ischemic mechanism, caused by a decrease in cerebral blood flow and poor development of the vasculature. 9 However, it is now recognized that several risk factors are implicated and are frequently associated with periventricular whitematter disease pathogenesis in animal models. These comprise prenatal risk factors such as (1) inflammation/ cytokine release and maternal stress, (2) perinatal factors such as hypoxic-ischemic stimuli, and (3) postnatal factors such as growth factor deprivation, inflammation/cytokine release, drug side effects, and pain. Furthermore, a combination of such factors in experimental models has resulted in the emergence of a multiple-hit hypothesis, which consists of a sensitization state created by a mild first event, leading to increased susceptibility to a second injury ( Figure 1 , Table 1 ).
Infection and Inflammation
Systemic administration of lipopolysaccharide to immature cats, dogs, rabbits, or rats induces white-matter lesions. [49] [50] [51] [52] Systemic administration of lipopolysaccharide can induce a marked systemic inflammation and immune changes in the central nervous system such as an increased expression of CD14. High doses of lipopolysaccharide can also induce other factors potentially predisposing to brain damage: hypotension, hypoglycemia, hyperthermia, and lactic acidosis. Moreover, even low doses of lipopolysaccharide, which do not induce significant hypotension, were shown to induce white-matter damage in fetal sheep. 53, 54 In fetal sheep, the comparison of white-matter damage induced by cord occlusion and by lipopolysaccharide injection revealed distinct patterns of microglia-macrophage activation, suggesting separate or partly separate underlying mechanisms. 54 Systemic administration of lipopolysaccharide to pregnant rats induced hypomyelinization in the internal capsule, cell death in the deep gray matter, and an increase in proinflammatory cytokines in their fetuses. 52 Live infectious agents have also been used by a few research groups to produce models of white-matter lesions. Ureaplasma, the microorganism most frequently associated with chorioamnionitis, preterm birth, and pulmonary morbidity, has been recently linked to intrauterine inflammation and perinatal brain damage in a mouse model. 55 Moreover, ascending intrauterine infection with Escherichia coli causes focal white-matter damage in 6% of live rabbit fetuses, 56 while direct inoculation of Escherichia coli in the uterine cavity combined with early antibiotics induced focal white-matter cysts in about 20% of live fetuses and diffuse white-matter cell death in almost all live fetuses. 57, 58 Cystic lesions are accompanied by microglia-macrophage activation and reactive astrogliosis, while diffuse white-matter cell death does not induce such glial responses. These results suggest these 2 types of brain damage have distinct pathophysiological mechanisms.
Lastly, intrauterine inoculation of Border disease virus to pregnant sheep induces decreased expression of whitematter molecules, including myelin basic protein, in the fetus. 59 However, the virus also infects the thyroid and the pituitary gland, raising the question of the precise etiology of the white-matter damage (low thyroid hormones vs infectious-inflammatory insult).
Excitotoxicity and Oxidative Stress
Glutamate can act on several types of receptors, including N-methyl-D-aspartate (NMDA), AMPA, kainite, and metabotropic glutamate receptors. Excess release of glutamate may represent a molecular mechanism common to some of the risk factors for brain lesions associated with cerebral palsy. In keeping with this possibility, injection of glutamate agonists into the striatum, neocortex, or periventricular white matter of newborn rodents, rabbits, or kittens produces, according to the stage of brain maturation, histological lesions that mimic those seen in humans with cerebral palsy, such as neuronal migration disorders, polymicrogyria, cystic periventricular leukomalacia, and hypoxic-ischemic or ischemic-like cortical and striatal lesions. [60] [61] [62] [63] [64] [65] [66] [67] Studies exploring the pathophysiology of these excitotoxic white-matter lesions in newborn rodents and rabbits have permitted the following contributions 31, 32, 62, 66, 68 : (1) Both NMDA and AMPA-kainate agonists can induce periventricular cystic white-matter lesions; (2) NMDA receptor-mediated white-matter lesions involve an early microglia-macrophage activation and astrocyte cell death, while AMPA-kainate receptor-mediated lesions involve preoligodendrocyte cell death; (3) the periventricular white matter of newborn rodents and rabbits exhibit a window of susceptibility to excitotoxic insults; (4) transient higher expression of NMDA receptors on white-matter microglia-macrophages and transient higher expression of high levels of AMPA-kainate receptors on preoligodendrocytes are likely important factors to explain the window of sensitivity of the white matter to neonatal excitotoxic insults; and (5) the study of NMDA receptor-mediated white-matter lesions in newborn rabbits revealed that excitotoxic white-matter lesion extended into the subplate but not in the overlying neocortical layers. Based on the use of 
Sensitization

Perinatal insult Exacerbation
First hit Second hit Third hit antioxidant molecules, excitotoxic white-matter lesions involve excess production of reactive oxygen species, which play an important role in the pathophysiology of the lesions. Extensive in vitro studies have confirmed the exquisite susceptibility of preoligodendrocytes to AMPAkainate agonists and to oxidative stress. 9 
Combined Insults
To further support the hypothesis of a multifactorial hypothesis of perinatal brain damage, various groups have combined insults in newborn rodents. For example, pretreatment of newborn mice with systemic proinflammatory cytokines (eg, interleukin 1b, interleukin 6, or tumor necrosis factor a) prior to an excitotoxic insult significantly exacerbated excitotoxic white-matter lesions, demonstrating a causative link between circulating proinflammatory cytokines and white-matter damage. 69 Preliminary results suggest this effect of proinflammatory cytokines is more pronounced with NMDA receptor agonists compared with AMPA-kainate receptor agonists. The precise mechanism by which these cytokines systemically act on white-matter excitotoxicity remains to be determined but could potentially involve activation of brain cyclooxygenase or activation of microglia with increased white-matter production of reactive oxygen species and cytokines. Similarly, systemic pretreatment with interleukin 9, a Th2 cytokine, was shown to exacerbate NMDA receptor-mediated white-matter lesions. 69, 70 The mechanism of interleukin 9 toxicity involves brain mast cell degranulation and excess release of histamine. Interestingly, increased circulating levels of interleukin 9 around birth had been noted in a subgroup of human infants who later developed cerebral palsy. 71 Recently, chronic mild stress of pregnant mice was shown to induce a significant exacerbation of excitotoxic white-matter lesions in pups. Lipopolysaccharide was also used to sensitize the newborn brain to hypoxia-ischemia. A low dose of this endotoxin, given 4 hours prior to a mild hypoxic-ischemic insult in P7 rat, induced extensive brain damage. In contrast, each insult, given separately, did not induce any detectable brain lesion. 72 Antenatal bacterial endotoxin also sensitizes the immature rat brain to postnatal excitotoxic injury through ibutenate. 73 
Conclusion
As our understanding of the pathogenesis of encephalopathy of prematurity improves, new strategies for prevention of brain injury in premature infants are anticipated. Recent improvements in neurological outcome of neonates have largely been due to changes in neonatal care, such as commitment to temperature homeostasis, the use of prenatal betamethasone, the withdrawal of postnatal dexamethasone, the prevention of perinatal infection/ sepsis, and sparing use of medication that may cause further brain damage. Moreover, adequate analgesia and reduced use of oxygen therapy have done their share. Recent studies have focused on the protective effects of caffeine, recombinant erythropoietin, ibuprofen, magnesium sulfate, inhaled nitric oxide, xenon, and hypothermia in neonatal medicine.
